Abbreviations
=============

CDK

:   cyclin dependent kinase

NAC

:   N-acetyl cysteine

CM

:   conditioned media

Keap1/Nrf2

:   Kelch-like ECH-associated protein 1/NF-E2-related factor 2

PGD~2~

:   prostaglandin D~2~

PGE~2~

:   prostaglandin E~2~

PGF~2α~

:   prostaglandin F~2~α; PGI~2~, prostaglandin I~2~

PGC-1α

:   proliferator-activated receptor gamma coactivator 1-α

qPCR

:   quantitative real-time PCR

RB

:   retinoblastoma protein

ROS

:   reactive oxygen species

SA

:   sodium ascorbate

SOD1

:   superoxide dismutase 1

Introduction {#s0001}
============

In recent studies exploring the new concepts of bone-muscle biochemical crosstalk, we found that CM derived from either MLO-Y4 osteocyte-like cells or mouse primary osteocytes have the ability to accelerate myogenic differentiation of C2C12 and primary myoblasts. Interestingly, the effects induced by CM were closely mimicked by treatment of myoblasts with nanomolar levels of PGE~2~. Since PGE~2~ is secreted at high levels by osteocytes and such secretion is further enhanced by mechanical loadings, such as fluid flow sheer stress, it has been considered as one of the candidates responsible for bone to muscle signaling. However, the mechanisms underlying the effect of PGE~2~ on skeletal muscle myogenesis are not clear.

Skeletal muscle myogenesis is a highly orchestrated biological process, which includes muscle precursor cell proliferation. In response to increased physiological muscle loading or injury, quiescent satellite cells, resident in the muscle basal laminae, are activated and re-enter the cell cycle to generate satellite cell-derived myoblasts. Myoblasts then proliferate extensively before commitment to differentiation, followed by fusion to repair damaged myofibers or form new myofibers.[@cit0001] During proliferation, a group of regulators are critical for cell cycle progression. In early G1 phase, cyclin D binds to and activates cyclin dependent kinase 4 or 6 (CDK4/ 6), which subsequently phosphorylates and inactivates proliferation inhibitory substrates, such as retinoblastoma protein (RB), a potent inhibitor of G1-S phase transition. Inactivation of RB induces transcriptional activation of cyclin E, cyclin A, Cdc6, and other factors to promote cell cycle progression. In contrast, p21^Cip1^, p27^Kip1^, and p57^Kip2^ can negatively regulate cell cycle by interacting with cyclin/Cdk complex.[@cit0002]

Previous studies have shown that a variety of factors participate in the regulation of myoblast proliferation and cell cycle progression. For instance, interleukin-6 induces myoblast proliferation by activating Janus kinase/signal transducers and activators of the transcription 3 pathway.[@cit0004] Myostatin, a potent negative regulator of muscle mass, inhibits myoblast proliferation by inducing the degradation of cyclin D and p300.[@cit0005] Inhibition of cyclin E/Cdk2 may also contribute to the inhibitory effect of myostatin.[@cit0007] Unlike many other factors, ROS have 2 distinct functions in cell proliferation. Transient production or low level of ROS can stimulate cell proliferation, while oxidative stress caused by overproduction of ROS leads to cell cycle arrest. [@cit0008]

Prostaglandins, including prostaglandin D~2~ (PGD~2~), PGE~2~, prostaglandin F~2~α (PGF~2α~), and prostaglandin I~2~ (PGI~2~), have been shown to play important roles in the regulation of myogenesis. PGF~2α~ prevents myoblast apoptosis and enhances fusion.[@cit0012] PGI~2~ promotes fusion through inhibiting myoblast migration,[@cit0014] whereas PGD~2~ promotes myoblast proliferation, but reduces myoblast fusion.[@cit0015] PGE~2~, the most abundant PG in mammalian tissues, is necessary for the increased proliferation of myoblasts after stretching, and accelerates myogenic differentiation and fusion.[@cit0016] However, the mechanisms behind the effects of PGE~2~ in myoblast proliferation and differentiation are unknown. Furthermore, given that our results have shown that PGE~2~ is a potential candidate molecule mediating biochemical signaling from bone to muscle, it is essential to determine the specific roles of PGE~2~ on different steps of myogenic differentiation. Such knowledge could provide insights for improving both bone and muscle health and also open new venues for the development of new pharmacological interventions to target bone-muscle crosstalk.

PGE~2~ induces intracellular signal transduction through binding to 4 subtypes of G-protein coupled receptors, EP1, EP2, EP3, and EP4. In general, the EP1 receptor is coupled to Gq to increase intracellular calcium levels. Activation of either EP2 or EP4 will stimulate cyclic AMP production through Gs. In contrast, the EP3 receptor inhibits adenylate cyclase by coupling to Gi.[@cit0018] Nevertheless, the roles of EP subtypes in cell proliferation are different, and could be cell type-dependent.[@cit0020]

To study the role of PGE~2~ in myoblast proliferation, the expression of EPs in mouse primary myoblasts was determined showing that all EPs are expressed in myoblasts. However, PGE~2~ along with only an agonist for the EP4 receptor promoted myoblast proliferation, whereas EP1/3 and EP2 agonists did not show any significant effects. In addition, treatment with an EP4 antagonist L161,982 resulted in inhibition of myoblast proliferation and cell cycle arrest. Cotreatment with antioxidant NAC or SA attenuated or abolished the inhibition of myoblast proliferation caused by L161,982. These results demonstrate the importance of EP4 receptor signaling in myogenesis and deepen our understanding of the molecular machinery underlying the modulatory effects of PGE~2~ on muscle myogenesis through its specific effects on myoblast proliferation.

Results {#s0002}
=======

The expression of EP receptors in primary myoblasts {#s0002-0001}
---------------------------------------------------

The mRNA expression of the 4 known EP subtypes in primary myoblasts was determined by qPCR. All four receptors were detected with EP4\>EP1\>EP3\>EP2 ([**Fig. 1**](#f0001){ref-type="fig"}). This finding, to our knowledge is the first time of EP receptor expression has been quantitated in skeletal muscle. Figure 1.The expression of EP receptors in mouse primary myoblast. The qPCR results showed that all 4 EP receptors are detectable in mouse primary myoblast, with the Ct values of 25.0 (EP1), 29.6 (EP2), 26.4 (EP3), and 22.2 (EP4).

The Effect of PGE~2~, EP agonists and EP antagonists on myoblast proliferation {#s0002-0002}
------------------------------------------------------------------------------

To determine the effect of PGE~2~ signaling on primary myoblast proliferation, cells were treated with 5 and 50 nM PGE~2~, 17-PT PGE~2~ (EP1/EP3 agonist), butaprost (EP2 agonist), or CAY 10598 (EP4 agonist) in growth medium with 20% FBS. At 24 h time point, no significant difference on myoblast proliferation was observed with any treatment ([**Fig. 2A**](#f0002){ref-type="fig"}). However, after 48 h, treatment with 50 nM PGE~2~ significantly increased myoblast proliferation by 21 ± 6.3% ([**Fig. 2B**](#f0002){ref-type="fig"}) and EP4 agonist CAY 10598 increased proliferation by 17 ± 6.2 % ([**Fig. 2B**](#f0002){ref-type="fig"}), which is not significantly different from PGE~2~. However, the agonists that act through EP1, EP2 or EP3 did not exert any significant or noticeable effects. Therefore, EP4 signaling may play a major role in promoting myoblast proliferation induced by PGE~2~. Next, a concentration-dependent effect of EP4 antagonist L161,982 (10, 20, and 30 μM) on myoblast proliferation was tested. At 24 and 48 h, L161,982 dose-dependently inhibited myoblast proliferation ([**Fig. 2C**](#f0002){ref-type="fig"}), and co-treatment with L161,982 abolished the effect of PGE~2~ and CAY 10598 on primary myoblast proliferation ([**Fig. 2D**](#f0002){ref-type="fig"}). These data further confirm the importance of PGE~2~ and EP4 signaling in myoblast proliferation. Figure 2.PGE~2~ signaling through EP4 receptor increases mouse primary myoblast proliferation. **A**, No significant change was observed after treatment with PGE~2~, 17-PT PGE~2~ (EP1/EP3 agonist), butaprost (EP2 agonist), or CAY 10598 (EP4 agonist) for 24h; **B**, PGE~2~ and EP4 agonist CAY 10598 significantly promoted primary myoblast proliferation at 48 h; **C**, EP4 antagonist L161,982 inhibited primary myoblast proliferation dose-dependently at 24 and 48 h; **D**, Cotreatment with L161,982 blocked the effect of PGE~2~ and CAY 10598 on primary myoblast proliferation at 48 h. N = 4--5, \*: *P* \< 0.05. **E**, Representative images of MyoD staining for a: Control; b: PGE~2~; c: 17-PT PGE~2~; d: Butaprost; e: CAY 10598; f: L161,982; g: L161,982+PGE~2~; h: L161,982+CAY 10598.Figure 2.(Continued)

Cell cycle analysis {#s0002-0003}
-------------------

Next we determined whether the changes in proliferation are associated with modulation of cell cycle. After treatment with PGE~2~ or EP4 agonist CAY 10598 for 24 h, a time point that allowed cells to complete one cell cycle, increased G2/M phase and decreased G1 phase cells were observed. Treatment with L161,982 resulted in fewer cells in G2/M phase and more cells in G1 phase ([**Fig. 3A**](#f0003){ref-type="fig"}). At 36 h, when myoblasts are undergoing G1-S phase transition, treatment with PGE~2~ or EP4 agonist CAY 10598 increased the number of cells in S phase and decreased G1 phase cells, whereas treatment with L161,982 significantly increased the percentage of cells in G1 phase by ˜10% ([**Fig. 3B**](#f0003){ref-type="fig"}). These data suggest that PGE~2~ or EP4 signaling regulates the G1-S phase transition in primary myoblasts. Figure 3.PGE~2~/EP4 signaling is important for G1-S phase cell cycle transition in primary myoblasts. Representative cell cycle profile at 24 h (**A**) and 36 h (**B**), with respective quantification of cell distribution in cell cycle. N = 3, \*: *P* \< 0.05 compared with control; ^\#^: *P* \< 0.05 compared with L161,982.

Effects of PGE~2~, CAY10598, and L161,982 on gene expression of cell cycle regulators {#s0002-0004}
-------------------------------------------------------------------------------------

As mentioned previously, G1-S phase transition is regulated by cyclins, Cdks, cell cycle inhibitors p21^Cip1^ and p27^Kip1^, and the muscle specific regulator myostatin. To investigate how PGE~2~ signaling could modify the expression of these genes, mRNA was extracted from primary myoblasts treated with 50 nM PGE~2~, 50 nM CAY 10598, and 30 μM L161,982 for 36 h, followed by determination of gene expression using qPCR. Compared with control, PGE~2~ and CAY10598 significantly upregulated cyclin E1 expression, and downregulated p21^Cip1^ and myostatin expressions. As expected, L161,982 exerted different effects in gene expression compared with PGE~2~ and CAY 10598, by significantly upregulating p21^Cip1^ and myostain expression, but downregulating cyclin E1 expression ([**Fig. 4A**](#f0004){ref-type="fig"}). qPCR data support the results for both proliferation and cell cycle analyses. Moreover, western blot data also indicated that L161,982 treatment increases p21^Cip1^ protein level ([**Fig. 4B**](#f0004){ref-type="fig"}). Figure 4.(**A**) Real-time gene expression of regulators of G1-S phase transition in cell cycle. After treatment for 36 h, PGE~2~ and CAY 10598 upregulated cyclin E1 expression, but downregulated myostatin and p21^Cip1^ expressions. In contrast L161,982 increased p21^Cip1^ and myostatin expression, but inhibited cyclin E1 expression. These results support our finding in cell cycle analysis. N = 5, \*: *P* \< 0.05. (**B**) Representative Western blot from 2 replicate experiments illustrating that p21^Cip1^ protein content increased after L161,982 treatment. Bands from left to right: Control, PGE~2~, CAY 10598, and L161,982.

Treatment with L161,982 increased ROS production in myoblasts {#s0002-0005}
-------------------------------------------------------------

Since various factors or pathways are involved in the regulation of cell proliferation, Mouse Signal Transduction PathwayFinder PCR Array, which allows us to monitor simultaneously 84 genes belonging to 10 essential signaling pathways, was used to identify the potential molecular mechanism(s) responsible for the effects of PGE~2~ signaling on myoblast proliferation. *Hmox1* and *Nqo1* are the only 2 genes significantly upregulated after L161,982 treatment for 12 h (2-fold cutoff) ([**Fig. 5**](#f0005){ref-type="fig"}). Since these 2 genes are induced by increased ROS production, these results suggest that PGE~2~ signaling could be regulating ROS in myoblast proliferation. Figure 5.Mouse PathwayFinder PCR Gene Array results demonstrate that the gene expression of antioxidant enzymes *Hmox1* and *Nqo1* were significantly upregulated after treatment with L161,982.

Myoblasts were stained with chloromethyl 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) to quantitate ROS production using flow cytometry. Our results indicated that L161,982 treatment significantly increased intracellular ROS levels at 12 and 36 h by 106% and 139%, respectively ([**Fig. 6A--D**](#f0006){ref-type="fig"}). PGE~2~ treatment did not show any noticeable effects on ROS production at 12 h, but induced 18% reduction of ROS at 36 h ([**Fig. 6A--D**](#f0006){ref-type="fig"}). Different from PGE~2~, CAY 10598 treatment enhanced ROS production by 22% and 37% at 12 and 36 h, respectively ([**Fig. 6A--D**](#f0006){ref-type="fig"}). Since it has been previously shown that ROS overproduction leads to MyoD degradation,[@cit0025] we measured the content of MyoD and confirmed that its content was reduced after L161,982 treatment ([**Fig. 6E**](#f0006){ref-type="fig"}). Figure 6.ROS production after treatment with PGE~2~, CAY 10598, or L161,982. Gray solid area: Control; Blue curve: treatment. (**A**) ROS production after treatment for 12 h. a: PGE~2~; b: CAY 10598; c: L161,982. (**B**) quantification of ROS production in A. (**C**) ROS production after treatment for 36 h. a: PGE2; b: CAY 10598; c: L161,982. (**D**) quantification of ROS production in C. N = 3, \*: *P* \< 0.05. (**E**) Representative Western blot from 3 repetitions illustrating that MyoD protein content decreased after L161,982 treatment. Bands from left to right: Control, PGE~2~, CAY 10598, and L161,982.

Cotreatment with antioxidant NAC and SA reverses the inhibition of proliferation of myoblasts by L161,982 {#s0002-0006}
---------------------------------------------------------------------------------------------------------

To further study the role of ROS in the inhibition of myoblast proliferation caused by L161,982, cells were cotreated with 100 and 200 μM antioxidant NAC or SA ([**Fig. 7**](#f0007){ref-type="fig"}). NAC showed a dose-dependent recovery in myoblast proliferation and reversal of the effects of L161,982. 200 μM NAC restored myoblast proliferation to control level ([**Fig. 7A**](#f0007){ref-type="fig"}). SA significantly improved myoblast proliferation, however 100 μM SA showed better recovery than 200 μM ([**Fig. 7B**](#f0007){ref-type="fig"}). ROS analysis indicated that cotreatment with 200 μM NAC significantly reduced the ROS production compared with L161,982 treatment alone ([**Fig. 7C and D**](#f0007){ref-type="fig"}). In the presence of NAC, L161,982 treatment only increased ROS level by 18%. Moreover, SA showed a stronger antioxidant effect by reducing ROS production by 73% compared with control ([**Fig. 7C and D**](#f0007){ref-type="fig"}). These data suggest that at least one of the molecular mechanisms underlying the effect of PGE~2~ signaling in myoblast proliferation is through the balancing of ROS levels with antioxidants. Figure 7.Cotreatment with antioxidants NAC and SA reversed the effect of L161,982 on myoblast proliferation and ROS production. (**A** and **B**) Cotreatment with NAC (**A**) or SA (**B**) successfully reversed the inhibition of myoblast proliferation caused by L161,982; (**C**) cotreatment with NAC and SA inhibited the overproduction of ROS induced by L161,982. (**D**) quantification of ROS production in C. N = 3, \*: *P* \< 0.05 compared with control; ^\#^: *P* \< 0.05 compared with L161,982.

Discussion {#s0003}
==========

The traditional view of the muscle-bone relationship is a relatively simple and mechanical relationship, which is that bones provide attachment sites for skeletal muscles, and muscles induce mechanical loading to the skeleton. Recently, it has come to light that bone and muscle are endocrine organs, and muscle diseases, such as muscle atrophy or sarcopenia, and osteoporosis develop concomitantly in elderly patients. Therefore, it is very possible that there are biochemical communications between bone and muscle, and the knowledge gained by studying the bone-muscle crosstalk would be used for the development of new methods to treat muscle atrophy/sarcopenia and osteoporosis at the same time.

Since bone can release large amounts of PGE~2~, and PGE~2~ can mimic the effect of osteocyte CM on C2C12 myogenic differentiation, it has been considered as a potential factor signaling from bone to muscle. Our data have shown that PGE~2~ signaling is important for both myoblast proliferation and differentiation, the 2 critical steps for muscle development or regeneration. Four receptors responsible for intracellular signaling induced by PGE~2~ that have been identified, namely EP1 to EP4, but the expression of these receptors in skeletal muscle was previously unknown. In this study, we demonstrated that all 4 receptors are detectable in mouse primary myoblasts. In addition, treatment with PGE~2~ or the EP4 agonist CAY 10598 enhanced myoblast proliferation. Consistent with these results, antagonism of EP4 receptor using L161,982 inhibited myoblast growth. Our data suggest that PGE~2~ regulates myoblast proliferation via activation of the EP4 receptor.

Cell proliferation depends on cell cycle progression, which is tightly controlled by cyclins, specific kinases, and cell cycle inhibitors.[@cit0003] PGE~2~ signaling has been shown to promote cell cycle progression, especially in cancer cells, by acceleration of G1-S phase transition.[@cit0026] With regards to the role of the EP4 receptor in cell cycle progression, its effect could be cell type-dependent. In the human colon cancer cell line HT-29, EP4 positively regulate G1-S phase transition,[@cit0027] but acts as a negative regulator in the proliferation of B cells.[@cit0023] In our studies using mouse primary myoblasts, treatment with PGE~2~ or EP4 agonist CAY 10598 promoted G1-S phase transition, whereas EP4 antagonist L161,982 caused G0/G1 cell cycle arrest. Cyclin D and E are 2 major cyclins monitoring G1-S phase transition. Transcriptional induction of cyclin D starts at early G1 phase. Formation of cyclin D-Cdk4/6 complex phosphorylates cell cycle suppressors, such as retinoblastoma tumor suppressor protein, to initiate the expression of target genes, including cyclin E to promote cell cycle progression.[@cit0003] p21^Cip1^ can inhibit the activities of cyclin D-Cdk4/6 and cyclin E-Cdk2 to prevent cell cycle advancement.[@cit0028] The effect of PGE~2~ signaling on G1-S phase transition could be through regulating the expression of cyclin E and p21^Cip1^. Treatment with PGE~2~ or EP4 agonist significantly increased cyclin E expression, and decreased p21^Cip1^ expression. In contrast, EP4 antagonist inhibited cyclin E expression, but enhanced p21^Cip1^ expression. These results support our findings in cell counts and cell cycle analysis. In addition, the effect of PGE~2~, EP4 agonist, and EP4 antagonist on the expression of myostatin, a potent inhibitor of myoblast proliferation and differentiation, is similar to that on p21^Cip1^ expression. Since myostatin can induce cyclin D degradation,[@cit0006] upregulation of myostatin by an EP4 antagonist could be responsible for the downregulation of cyclin E. Myostatin has been recognized as a major target for the treatment of muscle wasting, however, the mechanisms controlling the expression of myostatin in skeletal muscle are not clear. In this study, we have shown that PGE~2~ and EP4 signaling could play an important role in the regulation of myostatin expression.

To determine the possible pathway(s)/mechanism(s) responsible for the effect of PGE~2~ signaling on myoblast proliferation, mouse PathwayFinder PCR arrays were utilized. Treatment with L161,982 induced the expression of *Hmox1 *and* Nqo1*, suggesting increased production of ROS in myoblasts.[@cit0029] Excessive production of ROS has been linked to the development of many diseases, such as cancer and cardiovascular diseases.[@cit0030] ROS can cause DNA damage, which subsequently leads to cell death or cell cycle arrest.[@cit0032] On the other hand, ROS also acts as a second messenger in mediating signal transduction. The effect of insulin-like growth factor-I on the proliferation of vascular smooth muscle cells is ROS-dependent,[@cit0033] and ROS plays an important role in promoting proliferation of haematopoietic progenitor cells and pulmonary epithelial cells.[@cit0034] In skeletal muscle, low levels of ROS are beneficial for mitochondrial biogenesis and muscle adaption, whereas oxidative stress causes muscle atrophy.[@cit0036] Following treatment of myoblasts with the EP4 antagonist L161,982, ROS levels significantly increased, suggesting that ROS could be the mediator for G0/G1 cycle arrest. Co-treatment with the antioxidants, NAC or SA substantially reversed the inhibition of myoblast proliferation caused by L161,982 treatment. In fact, the effects of ROS overproduction were confirmed at the protein level in our results since we demonstrated that MyoD was reduced after EP4 receptor antagonist treatment. Furthermore, cotreatment with 200 µM NAC restored the proliferation of myoblasts to normal levels, which was accompanied by significant reduction in ROS production compared with L161,982 treatment alone. Interestingly, SA was more potent than NAC, but cotreatment with SA could not totally rescue the inhibitory effect of L161,982 in myoblast proliferation. These results imply that there could be a window of ROS levels that is optimal for promoting myoblast proliferation. Moreover, it is possible that other pathways or mechanisms are also involved in recovery of myoblast proliferation induced by NAC and SA.

Mitochondria are the major sites of ROS production in cells. Previous studies have shown that PGE~2~ can activate Bcl−2 or Bax to regulate mitochondrial function.[@cit0037] Our previous data also indicated that PGE~2~ increases peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α), and superoxide dismutase 1 (SOD1) expression in differentiating C2C12 myoblasts.[@cit0016] It is possible that PGE~2~ stimulates mitochondria biogenesis, which will increase production of ROS. When EP4 receptor is functional, SOD1 will also be upregulated to neutralize ROS. However, inhibition of EP4 receptor may inhibit the expression of SOD1 resulting in the overproduction of ROS and the upregulation of *Hmox1* and *Nqo1*, which implies the activation of the Kelch-like ECH-associated protein 1 (Keap1)/NF-E2-related factor 2 (Nrf2) pathway.[@cit0039] Further studies are necessary to understand how PGE~2~ regulates mitochondrial function and ROS production in mitochondria in myoblasts, and the relationship between PGE~2~ signaling and Keap1/Nrf2 pathway.

In summary, our data demonstrate that PGE~2~ promotes primary myoblast proliferation by accelerating G1-S phase transition in cell cycle. Although all the 4 types of PGE~2~ receptor are detectable in myoblasts, EP4 receptor could play a major role in this process. Moreover, PGE~2~ signaling could be an important modulator of oxidative stress in skeletal muscle, which could have significant implications in a number of pathological disorders, such as muscle atrophy, muscular dystrophies, and aging sarcopenia.

Materials and Methods {#s0004}
=====================

Myoblast isolation and culture {#s0004-0001}
------------------------------

Primary myoblasts were isolated from hindlimb muscles of 5-month old C57BL/6 mice. Collected muscles were minced, and digested using 0.1% pronase (EMD Millipore). Isolated cells (fibroblasts and myoblasts) were maintained and expanded in collagen-I (BD Bioscience) coated T-75 flask in growth medium consisted of Ham\'s F-10 (Corning), 20% fetal bovine serum (FBS, Atlanta Biologicals), 5 ng/ml basic recombinant human fibroblast growth factor (Promega), 100 µg/ml streptomycin (Thermo Scientific) and 100 U/ml penicillin G (Thermo Scientific) for 3 to 4 weeks for purification. Myoblasts with ≥ 99% purity as confirmed by immunostaining for MyoD were used for the experiments in this study.

qPCR {#s0004-0002}
----

Total RNA was extracted from primary myoblasts using Direct-zol RNA MiniPrep (Zymo Research) according to the manufacturer\'s instruction, and was quantified in a Nanodrop 2000 spectrophotometer (Thermo Scientific). An aliquot of RNA sample (1µg) with the A260/280 nm absorbance ratio of 1.8 or above was reverse transcribed in a 20 µl reaction volume using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystem).

The real-time PCR reaction mixture contained 2 µl cDNA (100 ng), 12.5 µl of the RT2 Real-Time TM SYBR Green/Rox PCR master mix (Qiagen), 0.4 µl of primer pairs (10 µM) and 10.1 µl of RNase free water to a complete reaction volume of 25 µl. qPCR was performed using Step-One Plus ^TM^ Real-Time PCR System (ABI), and results were normalized to the reference gene GAPDH. The following primer sequences (Forward and reverse) were used in this study:

EP1: CTAAGATTCGGGCTCTCCATAAA, GTGGGTAGAAGGTGTTGAGATT;

EP2: GGCCTCATTGGAGAAGTGTAAG, GCAGCCCAAACTACCTCATAAA;

EP3: GGTTCCTGTGAAGACTGAAGAC, AAGGTTCTGAGGCTGGAGATA;

EP4: CGGTTCCGAGACAGCAAA, CGGTTCGATCTAGGAATGG;

Myostatin: ATCCACCACGGTGCTAATG, GGGAGAGAGAGACTCGTACTT;

Cylin D1: CAGAGGCGGATGAGAACAAG, GAGGGTGGGTTGGAAATGAA;

Cylin E1: AATTGGGGCAATAGAGAAGAGGT, TGGAGCTTATAGACTTCGCACA;

Cdk2: CAGGACTTTGCCCTCACTAA, GCCCTCTGACAACTCAAGAA;

Cdk4: CTGATGGATGTCTGTGCTACTT, AGGTGCTTTGTCCAGGTATG;

p21^Cip1^: CCACAGCGATATCCAGACATTC, GAAGAGACAACGGCACACTT;

p27^Kip1^: CCTTCCGCCTGCAGAAAT, CTGACTCGCTTCTTCCATATCC.

The Mouse PathwayFinder PCR Gene Array (PAMM-014Z, Qiagen) was used to monitor changes in gene expression of 10 signaling pathways. For this purpose, cDNA was synthesized using RT^2^ first strand kit (Qiagen). Then the arrays were conducted according to the manufacturer\'s instruction. C~t~ values were normalized to one of the build-in housekeeping genes GAPDH, and data were analyzed using RT^2^ Profiler™ PCR Array Data Analysis Software (Qiagen). A 2-fold up/downregulation is considered as statistically significant.[@cit0040]

Proliferation and cell cycle assays {#s0004-0003}
-----------------------------------

Primary myoblasts were plated at 1.5×10^5^ cells/well in collagen-I coated 6-well plates in growth medium overnight, followed by induction of cell cycle arrest in G0/G1 phase by switching the medium to Ham\'s F-10 with 1% FBS for 10 h. For cell cycle analysis, cells were then treated with growth medium, PGE~2~ (Cayman Chemical), 17-PT PGE~2~ (EP1/EP3 agonist, Cayman Chemical), butaprost (EP2 agonist, Cayman Chemical), CAY 10598 (EP4 agonist, Cayman Chemical), or L161,982 (EP4 antagonist, Cayman Chemical ) in growth medium. At specified time points, cells were harvested with trypsin and counted with the Muse cell analyzer using a cell count and viability kit (EMD Millipore) or fixed in 70% ethanol for cell cycle analysis.[@cit0041] After fixing, cells were incubated with propidium iodide/RNase staining buffer (BD Biosciences) for 30 minutes for cell cycle analysis using FACScan flow cytometry (FL2 bandpass filter: 580 ± 50 nm). Cell cycle population analysis was performed using FloJo^®^ software (Tree Star).

Immunohistochemistry {#s0004-0004}
--------------------

For MyoD staining, primary myoblasts were fixed in 10% neutral buffered formalin solution (NBF, Sigma-Aldrich) for 15 min. After removal of NBF, cells were washed 4 times with PBS, followed by permeabilization with 0.1% Triton-X-100 in PBS for 15 min. Cells were then incubated with primary MyoD antibody (1:150, 18943--1-AP, Proteintech) overnight at 4°C. After 3 washes with PBS, FITC--conjugated goat anti-rabbit secondary antibody (1:100, Proteintech) was added for incubation for 1 h at room temperature. Images were taken with Leica DMI 4000B microscope using Leica Application Suite Advance Imaging fluorescence software package (Leica Microsystems).

Protein sample preparation and Western blotting {#s0004-0005}
-----------------------------------------------

Primary myoblasts cultured in 6-well plates were washed 3-times with ice-cold Dulbecco\'s phosphate buffered saline before being lysed by RIPA buffer \[1× Tris-buffered saline (TBS), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.004% sodium azide\] (Santa Cruz) with 1% cocktail of proteinase and phosphatase inhibitors (Sigma-Aldrich). Lysates were then collected and incubated in ice for 20 min, followed by centrifugation at 12,000 ×g for 10 min at 4°C. Supernatants were collected for protein assy.

Protein assay was performed using Micro BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer\'s instructions. Protein samples then were mixed with 5× Western blot loading buffer (Thermo Scientific) and denatured at 100°C for 5 min.

For Western blots, 10 µg of total protein were fractionated by SDS-PAGE gels, and transferred to polyvinylidenedifluoride (PVDF) membranes (EMD Millipore). Membranes were blocked in 5% non-fat dry milk in 1× TBS with 0.1% Tween 20 (TBST) for 2 h at room temperature (RT). After incubation with rabbit anti-mouse primary p21^Cip1^ (1:600, 10355--1-AP, Proteintech) or MyoD (1:2,000, 18943--1-AP, Proteintech) antibody in 5% nonfat dry milk in TBST at 4°C overnight, horseradish peroxidase-conjugated secondary goat anti-rabbit Ab (1:10,000, Proteintech) was applied to membranes for 1 h at RT. After three 10 min washes in TBST, membranes were incubated with ECL reagents, and signals were detected by Fuji LAS-4000 imaging system (Fujifilm). Tubulin was used as a loading control in the experiments.

Measurement of intracellular ROS {#s0004-0006}
--------------------------------

Cell culture and treatments with PGE~2~, CAY 10598, and L161, 982 for determination of ROS were performed as in the proliferation and cell cycle assays. After treatment for 12 or 36 h, culture media were removed, and 800 µl of 4 µM CM-H2DCFDA (Life Technologies) in Hank\'s balanced salt solution was added to each well, followed by incubation at 37°C for 20 min. Cells were then harvested with trypsin, and collected for ROS analysis using flow cytometry (FASCAN, FL1 bandpass filter: 530 ± 30 nm).

Statistical analysis {#s0004-0007}
--------------------

The results are expressed as mean ± standard error of means (SEM). Data were analyzed by one- way analysis of variance, followed by Bonferrroni\'s posthoc test. For all tests, *P* \< 0.05 was considered as statistically significant difference.
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